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Abstract 

Self- assembled polymersomes encapsulate, protect, and deliver hydrophobic and hydrophilic 

drugs. Though spherical polymersomes are effective, early studies suggest that non-spherical 

structures may enhance specificity of delivery and uptake due to similarity to endogenous uptake 

targets. Here we describe a method to obtain persistent non-spherical shapes, prolates, via osmotic 

pressure and the effect of prolates on uptake behavior. Polyethylene glycol-b-poly(lactic acid) 

polymersomes change in diameter from 175 ± 5nm to 200 ± 5nm and increase in polydispersity 

from 0.06 ± 0.02 to 0.122 ± 0.01 nm after addition of 50 mM salt. Transmission and scanning 

electron microscopy confirm changes from spheres to prolates. Prolate-like polymersomes 

maintain their shape in 50 mM NaCl for seven days. Nile Red and bovine serum albumin(BSA)-
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Fluorescein dyes are taken up in greater amounts by SH-SY5Y neural cells when encapsulated in 

polymersomes. Prolate polymersomes may be taken up more efficiently in neural cells than 

spherical polymersomes.  
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Introduction 

The Blood-Brain Barrier (BBB) presents one of the greatest challenges left in modern 

medicine. As our knowledge of therapeutic molecules and their functions increases, we must also 

confront how to deliver them effectively. The BBB blocks 98% of small molecules from passage, 

and those that do pass through must have specific properties such as hydrophobicity and are often 

delivered with low efficiency.1–11 Therapies must not only effectively deliver drugs across the BBB 

but simultaneously be specific, avoid immunogenic response, and minimize off target delivery.12 

Polymeric nanoparticles, namely polymersomes, have gained traction as a potential solution due 

to their ability to encapsulate both hydrophilic and hydrophobic molecules, offer immune 

shielding, and exhibit low toxicity. Polymersomes are bilayer, membrane-bound vesicles 

comprised of hydrophilic and hydrophobic polymers, with a ratio of approximately 25-40% by 

weight hydrophilic.13 Based on the polymers selected, polymersomes can release due to 

pathophysiologic changes in the diseased area. For example, polymersomes can respond to pH,14–

21 hypoxia,22–24 and temperature.25 Therefore, manipulation of these properties is considered a 

viable tool in creating drug delivery systems. 

The physical properties of these nanoparticles, in our case highly monodisperse 

polyethylene glycol-b-poly (lactic acid) (PEGPLA) polymersomes, have been implicated as 
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important factors in the physical mechanisms of uptake. Properties such as size, shape, charge, and 

material are all being studied in order to determine how to best assign these nano-vesicles with a 

desired uptake pathway. Natural uptake targets, such as proteins, are usually not perfectly spherical 

but rather exhibit a variety of morphologies. Mimicking these morphologies could allow for 

higher, more specific delivery that imparts less stress upon the body. For example, targeted, rod-

like polystyrene nanoparticles accumulated in Caco-2 and Caco-2/HT-29 cells to a greater extent 

than spherical and disc like particles.26 Similarly, long rods of mesoporous silica covered in PEG 

demonstrated approximately five-fold greater uptake in HeLa cells compared to short rods and 

spherical PEGylated particles.27 The ability of HeLa cells to better internalize rod-like particles 

has been previously studied and reviewed.28 Specifically, prolate shaped nanoparticles exhibit 

higher aspect ratios providing greater surface area for uptake via invagination. The idea of utilizing 

different nanoparticle shapes for enhanced biologic uptake in a diseased area is not a new one. 

Kolhar, et al., found that polystyrene nanorods showed higher targeted uptake towards the 

endothelium compared with spherical particles, confirmed by both in vitro and in vivo assays. 

Furthermore, the greatest discrepancy in uptake was observed in the brains of mice, where targeted 

polystyrene rods were taken up in 7.5x greater amounts than targeted polystyrene spheres.29 We 

extended this application to self-assembled systems, capable of delivering more than one drug 

simultaneously. 

  

Disease treatment often requires a combination, or cocktail, of drugs working 

synergistically in order to achieve desired outcomes. Due to the complex biochemical pathology 

of most diseases, treatments benefit from the ability to administer multiple therapeutics 

simultaneously. Specifically, diseases confined behind the BBB are only naturally susceptible to 

hydrophobic molecules. Many peptide-based therapies, plant-based anti-inflammatories, and 
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antibiotics are unable to diffuse across the BBB, rendering them ineffective for treatment of brain 

disease. The creation of drug delivery systems, such as the one proposed in this paper, which allow 

the simultaneous delivery of drugs or therapeutic molecules with a range of hydrophobicity and 

hydrophilicity, show promise in tackling a variety of complex biological problems. 

  

  Polymersomes have been transformed to achieve a variety of shapes including rods and 

stomatocytes.30,31 More complex structures, such as nested vesicles, have also been achieved.32,33 

The primary method of achieving these transformations is osmotic shock, creating an osmotic 

pressure gradient causing the movement of water molecules either into or out of self-assembled 

structures. Osmotic shock has resulted in shape changes through the addition of NaCl34, glucose32, 

or PEG33. Herein we report that PEGPLA polymersomes are capable of encapsulating hydrophilic 

and hydrophobic compounds simultaneously, and that loaded polymersomes deliver encapsulated 

compounds to cells more effectively than free dye alone.  We confirm that subjecting PEGPLA 

polymersomes to 50mM NaCl solution via dialysis, as reported by Wauters, et al., results in a 

change in shape from spheres to prolates.34 Furthermore, we report that this shape change is 

complimented by an increase in the amount of both hydrophobic and hydrophilic compounds 

retained in the polymersomes.  

  We employed simple, yet effective methods of achieving persistent shape change in 

polymersomes and investigated how these changes influence the ability of the polymersomes to 

co-deliver drug payloads. Through the manipulation of the ionic gradient in the suspension of 

Table 1. Characterization by Dynamic Light Scattering of PEGPLA polymersomes without NaCl and with NaCl at 50mM. 
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polymersomes, achieved via 

dialysis in NaCl, we show 

polymersomes in prolate 

form persist over time. 

Furthermore, these prolate 

nanoparticles were more 

effectively taken up by human neural cells (SH-SY5Y) in vitro. The combination of 

morphologically tuned prolate particles with amphiphilic encapsulation promise potential in 

providing minimally invasive procedures for currently untreatable diseases.  

RESULTS & DISCUSSION 

The general concept for modulating spherical polymersomes to prolates by exposure to 

hypertonic conditions is introduced in Figure 1. Polymersomes are formed by a process of self-

assembly in an aqueous solution wherein the hydrophobic portions of the diblock copolymers align 

to form a bilayer membrane.13 PEG1000Da-b-PLA5000Da (PEGPLA) forms highly, stable spherical 

polymersomes via solvent injection, as described in the methods section, with properties listed in 

the first row of Table 1. In water, consistent sizes were observed, demonstrated by a small standard 

deviation in diameter and low polydispersities. Upon removal of organic solvent from the 

suspension of polymersomes, the polymersomes appear to approach a critical size (Figure 2) 

around 190 nm.  In vitro blood-brain barrier studies indicate that nanoparticles of 200 nm or less 

are preferentially transported through to the abluminal side, 37-39 making our nanoparticles capable 

of similar transport behavior. 

Figure 1: Polymersome Shape Change. Osmosis across polymersome 
membrane due to hypertonic conditions, resulting in a prolate shape.   
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Not unlike 

biological bilayer 

membranes, self-assembled 

PEGPLA polymersomes 

are affected by osmosis. 

Exposure of polymersomes 

to hypertonic conditions by 

dialysis against a salt 

(NaCl) solution provokes 

the outward diffusion of 

water from the core of the polymersomes31. In contrast to phospholipids, which make up cell 

membranes, the hydrophobic portion of diblock copolymers in the membrane of polymersomes 

are much longer, theoretically inhibiting the passage of sodium or chloride ions through the 

membrane to the aqueous core. The resulting effect is a decreased inner volume of polymersomes. 

Spherical polymersomes were dialyzed against 50 mM NaCl to create hypertonic conditions, 

causing a shift in thermodynamic equilibrium, resulting in a shape change. In the presence of salt, 

sizes became less consistent, with an increase in diameter size and polydispersity (second row, 

Table 1). Because dynamic light scattering assumes spherical shape35, an increase in perceived 

polydispersity could be due to an increase in aspect ratio, leading to measurements with a wider 

range of sizes based on the orientation of the particle in solution when the laser contacts it. Zeta 

potential measurements indicate that both prolates and spherical polymersomes are stable in 

solution, with values around or less than -20 mV.36 

Figure 2. Dialysis of Spherical Polymersomes. Each sample was made from 
PEGPLA block co- polymer dissolved in DMSO at an equal concentration of 3mM. 
The 20%, 10%, and 5% samples contained 3.6mg, 1.8mg, and 0.9mg of PEGPLA 
dissolved in 200µl, 100µl and 50µl DMSO, respectively. The samples were injected 
into DI water such that the final volume for each sample was 1mL. Polymersome 
samples were then dialyzed against DI water at dialysate volumes such that the 
final DMSO concentration in each sample was the same, resulting in similar final 
diameters.  
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When the inner volume decreases and the surface area of the polymersomes remains 

constant, a shape change is observed (Figures 3, 4). Without NaCl, PEGPLA polymersomes 

present as spherical structures with a brush-like exterior layer, observable through the rough 

surface presentation in SEM. After the addition of NaCl, PEGPLA polymersomes lose their 

spherical morphology and appear more worm-like, indicative of a shift in shape (Figure 3). TEM 

images lead to the same conclusions, showing much longer and oval-like structures after the 

addition of NaCl. Without NaCl, PEGPLA polymersomes appear as membrane-bound spherical 

Figure 3. Scanning Electron Microscopy Images of Spherical and Prolate Nanoparticles. Without salt dialysis 
(L), SEM images display self-assembled spheres with a fuzzy core, indicative of a fully extended PEG layer. Post 
salt dialysis (R), SEM images display more oblong, rod-like structures (LHS Scale Bar: 500 nm; RHS Scale Bar: 
1.00 µm. 

Figure 4. Transmission Electron Microscopy Images of Spherical and Prolate Nanoparticles. Spherical and 
prolate particles were dried from a 0 mM and 50 mM NaCl suspension, respectively and stained with uranyl acetate. 
Without NaCl, PEGPLA polymersomes appear as membrane bound spherical structures with a monodisperse 
distribution. With NaCl, PEGPLA are prolate structures with an aspect ratio around 2, with the longest radius being two 
times the size of the shortest radius. Images taken at 120kV / 60000x direct mag on Hitachi h7600 Transmission Electron 
Microscope. (LHS Scale Bar: 2.0 µm, RHS Scale Bar: 500 nm) 
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structures with a relatively monodisperse distribution, confirmed through dynamic light scattering 

(Table 1).  With the addition of 50 mM NaCl, PEGPLA polymersomes become prolate structures 

with an aspect ratio around two, with the longest radius being approximately twice the size of the 

shortest radius (Figure 4). For the purpose of drug delivery applications, it is important that 

membrane-bound prolates, or prolate polymersomes, maintain their shape over an extended period. 

Prolates maintain their structure over a period of one week, as shown by minimal changes in both 

z-average diameter and polydispersity indices (Figure 5). Prolate polymersomes appear to have a 

three-day settling period, where diffusion of solvent out of the hydrophobic membrane is believed 

to be occurring and diameter and polydispersity index are slowly decreasing. However, after seeing 

a statistically significant (p< 0.05) decrease in both size and polydispersity index from day 3 to 

day 4, prolate 

polymersomes stabilize 

and maintain their sizes 

over the remaining days. 

It is important to note 

that these sizes and PDIs 

Figure 5: Persistent Prolate Shape. DLS measurements of Z-Avg (d.nm) and PDI 
for prolate polymersomes persisting over 7 days.   

 
Table 2. Polymersomes Encapsulation of Multiple Compounds. Retainment of encapsulated dye (Nile Red and 
Albumin-Fluorescein) by PEGPLA nanoparticles following dialysis against MilliQ Water and NaCl for Spheres and 
Prolates, respectively. 
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are still significantly larger than spherical polymersomes made without the presence of NaCl. 

Interestingly, this loss of inner volume does not result in a lower degree of encapsulation 

for hydrophilic or hydrophobic molecules, but rather a higher degree of retainment. Nile Red and 

Bovine Serum Albumin(BSA)-Fluorescein were used as model hydrophobic and hydrophilic 

drugs, respectively. In general, Nile red is encapsulated at a lower efficiency than BSA-Fluorescein 

due to the smaller hydrophobic volume available in the membrane in comparison to the hydrophilic 

core. It is assumed that prior to dialysis and shape change, all samples contain the same internal 

concentration of encapsulated molecules; therefore, the final internal concentration for both 

molecules must be a result of the polymersomes’ ability to retain the molecules (Table 2). 

Therefore, we believe the loss of inner volume is not what is responsible for the higher 

concentration of BSA-Fluorescein and Nile Red in prolate samples, but rather that the NaCl plays 

some role in the retaining of encapsulated molecules, based on studies of BSA encapsulation in 

microspheres40 and studies that show salts are capable of complexing with payloads to prevent 

Figure 6: Cell Uptake of Polymersomes Containing Multiple Compounds. Fluorescent images of SH-SY5Y uptake 
of BSA-Fluorescein (green) and Nile Red (red) after incubation with either spherical or prolate polymersomes for four 
hours. Nucleus stained with DAPI (blue).  
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leakage in liposomes41. However, this was not investigated further in our system, but might be an 

interesting subject for future studies. 

Prolate shaped particles appear to deliver both BSA-Fluorescein and Nile Red more 

effectively to SH-SY5Y neuroblastoma cells based on fluorescent images (Figure 6). Intensity of 

both Nile Red and BSA-Fluorescein is greater when prolate polymersomes were incubated with 

SH-SY5Y cells. This may be due in part to the higher retainment of both compounds (Table 2). 

However, this may result from a tendency for cells to take up non-spherical nanoparticles more 

effectively than spherical nanoparticles, an attribute of the flattened prolate shape granting a 

greater surface area to contact the cellular surface. Analysis of SH-SY5Y uptake of BSA-

Fluorescein by flow cytometry (Figure 7) shows significantly more dye was taken up by SH-SY5Y 

cells when encapsulated in polymersomes compared to free dye, regardless of shape. The 

difference in dye uptake between polymersome shapes is trending toward significance, with SH-

SY5Y cells appearing to have slightly more internal fluorescence when treated with prolate 

polymersomes. To make these results more conclusive, more cells could be seeded for analysis as 

SH-SY5Y cells are partially adherent. SH-

SY5Y cells are frequently differentiated 

into neurons for uptake studies42-45, which 

may also increase adherence. Uptake 

differences may be due to the change in 

aspect ratio from spheres to prolates is not 

large enough to have a significant effect on 

cell uptake. As demonstrated by Huang, et 

al, the larger the aspect ratio, the greater 

Figure 7: Cell Uptake of Polymersomes Containing Multiple 
Compounds confirmed with Flow Cytometry. After 72 hours, 
SH-SY5Y cells were analyzed in flow cytometry. Both spherical 
and prolate polymersomes lead to greater uptake than free dye 
(p<0.05). Prolates are trending towards increased uptake 
compared to spherical polymersomes. 
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than internalization rate with regards to silica-based systems.46 To confirm this hypothesis, further 

work needs to be performed on various self-assembled aspect ratios. 

In summary, PEGPLA polymersomes are able to be shifted from a spherical to a more 

prolate-like shape. To our knowledge, this is the first time self-assembled prolates have been 

compared to self-assembled spheres with regards to simultaneous hydrophobic and hydrophilic 

drug delivery.  Prolates are capable of encapsulating more of both BSA-fluorescein and Nile Red 

than their spherical counterparts, which could contribute to the increased intracellular fluorescence 

observed when cultured with SH-SY5Y neuroblastoma cells. Increasing aspect ratios may be able 

to increase uptake efficiencies, based on the only slight difference in uptake seen in flow 

cytometry. Through modulating nanoparticle shape, we are able to enhance uptake of both 

hydrophilic and hydrophobic drugs, which provides promising results towards efficiently 

delivering payloads through the blood-brain barrier. 

METHODS             

Polymersome Preparation. Monodisperse spherical polymersomes of Polyethylene glycol 

(PEG)1000Da-b-Polylactic acid (PLA)5000Da (Polyscience, Inc.) were obtained by dissolving the 

polymer in dimethyl sulfoxide (DMSO) at 15mg/mL then infusing 100μl of the polymer solution 

into 1mL of MilliQ water at 5μl/min and stirring at 100rpm using a Legato Syringe Pump. For 

spherical samples, polymersomes were dialyzed in 300 kDa membrane from Spectrum 

Laboratories against MilliQ water for 15 hours to remove DMSO. Polymersome size and 

polydispersity were characterized by dynamic light scattering using Malvern Zetasizer Nano ZS.  

Shape Modulation. Upon assembly, polymersomes are spherical and in isotonic conditions. To 

achieve prolate morphology, samples were subjected to hypertonic conditions. Following infusion,  

samples, samples were dialyzed against 50mM NaCl solution for 15 hours. To minimize 
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interference, all TEM and SEM imaging was done after an additional dialysis of prolate samples 

against MilliQ water to remove the salt. TEM and SEM imaging was done with HT7830 

Transmission Electron Microscope and High-resolution Scanning Electron Microscope S4800, 

respectively.  

Encapsulation. Polymersomes loaded with hydrophobic Nile Red were obtained by incorporating 

Nile Red in the polymer solution prior to infusion at a ratio of 100μg Nile Red per 1mg of 

PEGPLA. Encapsulation of hydrophilic BSA-Fluorescein was achieved by infusing the polymer 

solution into a 1mL aqueous solution of BSA-Fluorescein at a concentration of 1mg/mL. 

Following encapsulation, free dye was removed from samples by 300 kDa membrane dialysis 

tubes in either MilliQ water or 50mM NaCl, for spheres or prolates, respectively. Following 

dialysis, samples were removed from dialysis tubing and transferred to an Amicon 100kDa 

microcentrifuge filter unit and centrifuged in Eppendorf Centrifuge 5424 R for 15 minutes at 5000 

RCF. To quantify encapsulated dye, filters were flipped and centrifuged into 200μl DMSO to 

dissolve nanoparticles and release encapsulated dye. Fluorescent intensity of the dissolved sample 

was read for BSA-Fluorescein (486nm excitation – 525nm emission) and Nile Red (550nm 

excitation – 640nm emission) with BioTek Synergy H1M in black clear bottom 96 well assay 

plates from Corning. Nile Red and BSA-Fluorescein were purchased from Sigma-Aldrich.  

SH-SY5Y Culture and Administration. SH-SY5Y Neuroblastoma cells were cultured in 250ml 

Falcon flasks at 37 degrees Celsius and 5% carbon dioxide. The media used was a 1:1 mixture of 

Ham’s F12 and EMEM along with 2mM L-Glutamine, 1% Non-Essential Amino Acid, and 15% 

Fetal Bovine Serum. The cells were given one week between passage along with two media 

changes in between.  
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SH-SY5Y Fluorescent Imaging. SH-SY5Y cells were added to chamber slides with a seeding 

density of 93,500 cells per well. The slides were allowed to grow for 72 hours then washed with 

PBS. Free-dye solutions were prepared at a concentration of 5.4 μg/ml Nile Red and 112.5 μg/ml 

BSA- Fluorescein, based on encapsulation data (Table 2). In order to prepare the slides for 

imaging, free-dye solution, suspension of loaded spherical polymersomes and suspension of 

loaded prolate polymersomes were administered to wells at 25% of the working volume for four 

hours. After four hours, the slides were prepared for fluorescent imaging. Vectashield mounting 

medium with DAPI was added to slides prior to drying overnight. Fluorescent images were taken 

with Echo Revolve hybrid microscope.  

Flow Cytometry with Cytoflex. Prepared 24-well plate with 50,000 cells per well and grown for 

48 hours to 70 % confluence. The media was removed and washed out with PBS. We administered 

450μl of media and 50μl of PBS for negative control, 450μl of media and 50μl of free-dye solution 

for positive control, 450μl of media and 50μl of spherical nanoparticles loaded with BSA-

Fluorescein, and 450μl of media and 50μl of prolate nanoparticles loaded with BSA-Fluorescein. 

After 4 hours, the cells were washed three times with cold PBS. They were then trypsinized for 

one minute with 100μl of 25% trypsin then removed and replaced with 400μl of PBS. Each sample 

was analyzed with Beckman Coulter CytoFlex Flow Cytometer for 10,000 events. 

Statistical Methods. All statistics were performed using a two-tailed t-test with unequal variance. 

Statistical significance was defined as p<0.05. 
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